Class A G protein-coupled receptors (GPCRs) influence virtually every aspect of human physiology. 20 GPCR activation is an allosteric process that links agonist binding to G protein recruitment, with the 21 hallmark outward movement of transmembrane helix 6 (TM6). However, what leads to TM6 22 movement and the key residue-level changes of this trigger remain less well understood. Here, by 23 analyzing over 230 high-resolution structures of class A GPCRs, we discovered a modular, universal 24 GPCR activation pathway that unites previous findings into a common activation mechanism, directly 25 linking the bottom of ligand-binding pocket with G protein-coupling region. We suggest that the 26 modular nature of the universal GPCR activation pathway allowed for the decoupling of the evolution 27 of the ligand binding site, G protein binding region and the residues important for receptor activation. 28 Such an architecture might have facilitated GPCRs to emerge as a highly successful family of proteins 29 for signal transduction in nature. 30 
Introduction
GPCRs are membrane proteins that contain a seven-transmembrane helix (7TM) architecture 1-9 . In the 32 last decade, we have witnessed a rapid development in GPCR structural biology ( Figure 1a ) and 33 extensive research into the mechanism by which receptors are activated by diverse ligands including 34 approved drugs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . While these studies have provided key insights into GPCR activation mechanism 35 and implicated different parts of the receptor as being crucial for activation 10, 20-33 , they do not fully 36 explain the pattern of conservation of residues and the number of disease-associated mutations that are 37 known to map on distinct regions of the receptor (Figure 1-figure supplement 1) . Although it is well 38 established that outward movement of transmembrane helix 6 (TM6) upon ligand binding is a common 39 feature of receptor activation [3] [4] [5] [20] [21] [22] [23] , what leads to the movement of TM6, are they conserved, how the 40 other helices are rearranged to facilitate this movement, and the key residue level changes of this 41 trigger all remain less well understood (Figure 1b ). Receptor activation requires global reorganization 42 of residue contacts as well as water-mediated interactions [18] [19] . Since prior studies primarily 43 investigated conformational changes though visual inspection [20] [21] [22] or through the presence or absence 44 of non-covalent contacts between residues 8-10 , we reasoned that one could gain comprehensive 45 knowledge about mechanism of receptor activation by developing approaches that can capture not just 46 the presence or absence of a contact but also subtle , and potentially important alterations in 47 conformations upon receptor activation. 48 
Results

49
A residue-residue contact score-based framework to characterize GPCR conformational changes 50 To address this, we developed an approach to rigorously quantify residue contacts in proteins 51 structures and infer statistically significant conformational changes. We first defined a residue-residue 52 contact score (RRCS) which is an atomic distance-based calculation that quantifies the strength of . We then defined ∆RRCS, which is the difference in RRCS of a 55 residue pair between any two conformational states of a receptor that quantitatively describes the 56 rearrangements of residue contacts (Figure 2b and Figure 2-figure supplement 1b) . While RRCS can 57 be 0 (no contact) or higher (stronger contact), ∆RRCS can be negative (loss in strength of residue 58 contact), positive (gain in strength of residue contact) or 0 (no change in strength of residue contact). 59 To capture the entirety of conformational changes in receptor structure upon activation, we computed 60 the ∆RRCS between the active and inactive state of a receptor and defined two types of conformational 61 changes ( Figure 2c ): (i) switching contacts: these are contacts that are present in the inactive state but 62 lost in the active state (or vice versa) such as loss of intrahelical contacts between D/E 349 (GPCRdb 63 numbering 35 ) and R 350 , and gain of interhelical hydrophobic contacts between residues at 340 and 64 648 upon receptor activation; and (ii) repacking contacts: these are contacts that result in an increase 65 or decrease in residue packing such as the decreased packing of intrahelical sidechain contacts between 66 W 648 and F 644 , and the increase in interhelical residue packing due to the translocation of N 749 67 towards D 250 upon receptor activation. In this manner, we quantified the global, local, major and 68 subtle conformational changes in a systematic way (i.e., interhelical and intrahelical, switching and 69 repacking contacts). 70 We then analysed 234 structures of 45 class A GPCRs that were grouped into three categories ( (bRho), β2-adrenergic receptor (β2AR), M2 muscarinic receptor (M2R), μ-opioid receptor (μOR), 75 adenosine A2A receptor (A2AR) and κ-opioid receptor (κ-OR)] have both inactive-and active-state 76 crystal structures available. Given that ∆RRCS can capture major and subtle conformational changes, 77 we computed RRCS for all structures and ∆RRCS for the six pairs of receptors and investigated the 78 existence of a common activation pathway (i.e., a common set of residue contact changes) across class 79 A GPCRs. Two criteria (Figure 2d ; further details in Methods) were applied to identify conserved 80 rearrangements of residue contacts: (i) equivalent residue pairs show a similar and substantial change 81 in RRCS between the active and inactive state structures of each of the six receptors (i.e., the same 82 sign of ∆RRCS and |∆RRCS| > cut-off for all receptors) and (ii) family-wide comparison of the RRCS 83 for the 142 inactive and 27 active state structures shows a statistically significant difference (P<0.001; 84 two sample t-test). This allowed us to reliably capture both the major rearrangements as well as subtle 85 but conserved conformational changes at the level of individual residues in diverse GPCRs in a 86 statistically robust and significant manner. Consistent with this, a comparison with earlier studies 87 revealed that the RRCS based approach is able to capture a larger number of conserved large-scale and 88 subtle changes in residues contacts ( Figure 2d ) that would have been missed by visual inspection or 89 residue contact presence/absence criteria alone (see Methods for conceptual advance of this approach 90 and detailed comparison) 8, 10, 20-22 . 91 Discovery of the universal and conserved receptor activation pathway 92 Remarkably, for the first time, our analysis of the structures allowed the discovery of a universal and 93 conserved activation pathway that directly links ligand-binding pocket and G protein-coupling regions 94 in class A GPCRs ( Figure 3 ). The pathway is comprised of 34 residue pairs (formed by 35 residues) 95 with conserved rearrangement of residue contacts upon activation (Figure 2d ), connecting several well-96 known but structurally and spatially disconnected motifs (CWxP 11, 20, 33 , PIF 3, 36 , Na + pocket 19, 24, 33 , 97 NPxxY 20, 23 and DRY 11, 14, 37 ) all the way from the extracellular side (where the ligand binds) to the 98 intracellular side (where the G protein binds). Inspection of the rewired contacts as a ∆RRCS network 99 reveals that the conserved receptor activation pathway is modular and involves conformational 100 changes in four layers. In layer 1, there is a conserved signal initiation step involving changes in 101 residue contacts at the bottom of the ligand-binding pocket and Na + pocket. In layer 2, critical 102 6 hydrophobic contacts are broken (i.e., opening of the hydrophobic lock). In layer 3, microswitch 103 residues (637, Y 753 ) are rewired and in layer 4, the residue R 350 and G protein contacting positions 104 are rewired, making them competent to bind to G protein on the cytosolic side ( supplements 1 and 2). These observations highlight the conserved and universal nature of a previously 108 undescribed activation pathway linking ligand binding to G protein coupling, regardless of the 109 subtypes of intracellular effectors (i.e., Gs, Gi/o, arrestin or G protein mimetic nanobody/peptide, Figure   110 4a). Collectively, these findings illustrate how a combination of intrahelical and interhelical switching 111 contacts as well as repacking contacts underlies the universal activation mechanism of GPCRs. 113 Receptor activation is triggered by ligand binding and is characterised by movements of different 114 transmembrane helices. How does ligand-induced receptor activation connect the different and highly 115 conserved motifs, rewire residue contacts and result in the observed changes in transmembrane helices? 116 To this end, we analysed the universal activation pathway in detail and mapped, where possible, how 117 they influence helix packing, rotation and movement ( Figure 3) . A qualitative analysis suggests the 118 presence of four layers of residues in the activation pathway linking the ligand binding residues to the 119 G protein binding region. 120 Layer 1: We did not see a single ligand-residue contact that exhibits conserved rearrangement, which 121 accurately reflects the diverse repertoire of ligands that bind G P C R s 2 , 1 2 , 3 4 (Figure 3-figure 122 supplement 1). Instead, as a first common step, binding of diverse extracellular agonist converges to 123 trigger an identical alteration of the transmission switch (340, 551, 644 and 648) 1, 21 and Na + 124 pocket (250, 339, 745 and 749) 19, 24, 33 . Specifically, the repacking of an intrahelical contact 125 between residues at 648 and 644, together with the switching contacts of residue at 340 towards 126 648 and residue at 551 towards 644, contract the TM3-5-6 interface in this layer. This 127 reorganization initializes the rotation of the cytoplasmic end of TM6. The collapse of Na + pocket 19, 24, 128 32-33 leads to a denser repacking of the four residues (250, 339, 745 and 749), initiating the 129 movement of TM7 towards TM3. 130 Layer 2: In parallel with these movements, two residues (640 and 641) switch their contacts with 131 residue at 343, and form new contacts instead with residues at 558 and 555, respectively.
112
Molecular insights into the key steps of the universal receptor activation pathway
132
Residues at 343, 640 and 641 are mainly composed of hydrophobic amino acids and referred as 133 hydrophobic lock 22, 28, 39 . Its opening loosens the packing of TM3-TM6 and facilitates the outward 134 movement of the cytoplasmic end of TM6, which is necessary for receptor activation. Additionally, 135 N 749 develops contacts with residue at 343 from nothing, facilitating the movement of TM7 towards 136 TM3.
137
Layer 3: Upon receptor activation, Y 753 loses its interhelical contacts 8 with residues at 153 and 138 850, and forms new contacts with residues at 343, 346 and R 350 , which were closely packed 139 with residues in TM6. Thus, the switching of contacts by Y 753 strengthens the packing of TM3-TM7, 140 while the packing of TM3-TM6 is further loosened with the outward movement of TM6.
141
Layer 4: Finally, the restrains on R 350 , including more conserved, local intrahelical contacts with 142 D(E) 349 and less conserved ionic lock with D(E) 630 , are eliminated 11, 14, 37 and R 350 is released. 143 Notably, the switching contacts between R 350 and residue at 637 are essential for the release of 144 R 350 , which breaks the remaining contacts between TM3 and TM6 in the cytoplasmic end and drives 145 the outward movement of TM6. The rewired contacts of R 350 and other G protein contacting positions 146 (353, 354, 561 and 633) make the receptor competent to bind to G protein on the cytosolic side. 147 Together, these findings demonstrate that the intrahelical/interhelical and switching/repacking contacts 148 between residues is not only critical to reveal the continuous and modular nature of the activation 149 pathway, but also to link residue-level changes to transmembrane helix-level changes in the receptor. In layer 1, the mutation I92 340 N likely stabilizes the active state by forming amide-π interactions with 178 W246 648 and hydrogen bond with the backbone of C185 5461 , which rewires the packing at the 179 transmission switch and initiates the outward movement of the cytoplasmic end of TM6; this mutation 180 elevated the basal cAMP level by 7-fold. Conversely, I92 340 A would reduce the favourable contacts 181 with W 648 upon activation, which retards the initiation of the outward movement of TM6; this 182 mutation resulted in a decrease in both basal cAMP level [71% of wild-type (WT)] and agonist 183 potency (8-fold). Another example is the residue at 644, the mutation F242 644 R would stabilize the 184 inactive state by forming salt bridge with D52 250 , which blocks the rotation of TM6 and thus 185 abolishes Gs coupling; indeed this mutation greatly reduced basal cAMP level (to 63% WT) and 186 agonist potency (by 374-fold). In contrast, F242 644 A would reduce contacts with W246 648 , loosen 187 TM3-TM6 contacts, diminish the energy barrier of TM6 release and make outward movement of TM6 188 easier; consistently this mutation elevated the basal cAMP level (by 2-fold) and increased the agonist 189 potency (by 8-fold). Mutations of residues forming the Na + pocket, such as D52 250 A and N280 745 R, 190 would destroy the hydrogen bond network at the Na + pocket and retard the initiation of the inward 191 movement of TM7. These mutations completely abolished agonist potency and greatly reduced the 192 basal cAMP level (to 80% and 78% of WT, respectively). 193 In layer 2, the mutations L95 343 A/R and I238 640 Y would loosen the hydrophobic lock, weaken TM6 contacts, promote the outward movement of cytoplasmic end of TM6 and eventually make 195 receptor constitutively active; this is reflected by remarkably high basal cAMP production (28-, 2-and 196 11-fold increase, respectively). Notably, mutations at/near the Na + pocket, L48 246 R and N284 749 K, 197 could lock the Na + pocket at inactive packing mode by introducing salt bridge with D52 250 , thus 198 block the inward movement of TM7 towards TM3. As expected, these mutations completely abolished 199 agonist potency. The CIMs at/near the Na + pocket (from both layer 1 and 2) reflect the subtle inward 200 movement of TM7 towards TM3 is essential for receptor activation, which is often underappreciated 201 and overshadowed by the movement of TM6. In line with this, two mutations on TM7, N284 749 A and 202 Y288 753 A, attenuate the TM3-TM7 contacts upon activation and completely abolished or greatly 203 reduced (by 16-fold) agonist potency, respectively. 204 In layer 3, I98 346 A likely reduces contacts with Y288 753 , weakens the packing between TM3-TM7, 205 and retards the movement of TM7 towards TM3; similarly, L235 637 A would reduce contacts with 206 F201 562 , weaken the packing between TM5-TM6, and makes the TM6 movement towards TM5 more 207 difficult. In line with the interpretation, these mutations resulted in reduced basal cAMP level (72% 208 and 71% WT, respectively) and decreased agonist potency (23-and 4-fold, respectively). These results 209 are consistent with previous findings on vasopressin type-2 receptor (V2R) 8 . In layer 4, D101 349 N 210 likely diminishes its intrahelical interactions with R102 350 and thus makes the release of the latter 211 easier, which in turn promotes the G protein recruitment. Consistent with this possibility, this mutation 212 led to a greatly elevated basal cAMP level (8-fold). 213 Despite these A2AR mutants greatly affect receptor activation, our radioligand binding assay shows 214 that they generally retain the agonist binding ability, with the exception of two CIMs: W246 648 A and 215 N284 745 K (Figure 6b , c and Figure 6 -source data 1). This suggests that the universal activation 216 pathway is modular and that such an organization allows for a significant number of residues involved 217 in agonist binding to be uncoupled from receptor activation/inactivation and G protein binding.
218
The universal activation pathway allows mechanistic interpretation of mutations 219 Four hundred thirty five disease-associated mutations were collected, among which 28% can be 220 mapped to the universal activation pathway, much higher than that to the ligand-binding and G 221 protein-binding regions (20% and 7%, respectively) (Figure 7a, b ). Furthermore, 272 CAMs/CIMs 222 from 41 receptors ( Figure 7c ) were mined from the literature for the 14 hub residues (i.e., residues that 223 have more than one edges in the pathway). 224 The average number of disease-associated mutations in the universal activation pathway is much 225 higher than that of ligand-binding pocket, G protein-binding pocket, and residues in other regions (2.5-, Using a novel, quantitative residue contact descriptor, RRCS, and a family-wide comparison across 260 234 structures from 45 class A GPCRs, we reveal a universal, modular activation pathway that directly 261 links ligand-binding pocket and G protein-coupling regions. Key residues that connect the different 262 modules allows for the decoupling of a large number of residues in the ligand-binding site, G protein 263 contacting region and residues involved in the activation pathway. Such an organization may have 264 facilitated the rapid expansion of GPCRs through duplication and divergence, allowing them to evolve 265 independently and bind to diverse ligands due to removal of the constraint (i.e. between a large number 266 of ligand binding residues and those involved in receptor activation). This model unifies many 267 previous important motifs and observations on GPCR activation in the literature (CWxP 11, 20, 33 , DRY 11, 268 14, 37 , Na + pocket 19, 24, 33 , NPxxY 20, 23 , PIF 3, 36 and hydrophobic lock 22, 28, 39 ] and is consistent with 269 numerous experimental findings 21-22, 28, 33, 39 . 270 We focused on the universal activation pathway (i.e., the common part of activation mechanism shared 271 by all class A GPCRs and various intracellular effectors) in this study. Obviously, individual class A 272 receptor naturally has its intrinsic activation mechanism(s), as a result of the diversified sequences, 273 ligands and physiological functions. Indeed, receptor-specific activation pathways (including 274 mechanisms of orthosteric, positive or negative allosteric modulators, biased signalling/selectivity of 275 downstream effectors) 5, 9, 17, [43] [44] [45] [46] [47] [48] have been revealed by both experimental studies including 276 biophysical (such as X-ray, cryo-EM, NMR, FRET/BRET, DEER) 2, 9, 14, 27, 33, 43, 49-52 , biochemical 28, 39 277 and computational approaches (such as evolutionary trace analysis 26, 30 and molecular dynamics 278 simulations 16, 25, 31, 53 ), especially for the prototypical receptors such as rhodopsin, β2-adrenergic and 279 A2A receptors. These studies demonstrated the complexity and plasticity of signal transduction of 280 GPCRs. The computational framework we have developed may assist us in better understanding the 281 mechanism of allosteric modulators, G protein selectivity and diverse activation processes via 282 intermediate states as more GPCR structures become available. While we interpret the changes as a 283 linear set of events, future studies aimed at understanding dynamics could provide further insights into 284 how the common activation mechanism operates in individual receptors. 285 Given the universal and conserved nature of the pathway, we envision that the knowledge of the 286 common activation pathway can not only be used to mechanistically interpret the effect of mutations in 287 biological and pathophysiological context 54 but also to rationally introduce mutations in other 288 receptors by promoting/blocking residue and helix level movements that are essential for activation. 289 Such protein engineering approaches can obtain receptors in specific conformational states to 290 accelerate structure determination studies using X-ray crystallography or electron microscopy in future. 291 The approach developed here can be readily adapted to map allosteric pathways and reveal 292 mechanisms of action for other key biological systems such as kinases, ion channels and transcription Edge: a connection between the nodes in a network. In this case, an edge represents a residue-residue 460 contact.
461
Hub: a node with two or more edges in a network. 462 Constitutively activating mutation (CAM): a mutant that could increase the inherent basal activity of 463 the receptor by activating the G protein-signalling cascade in the absence of agonist. Calculation of residue-residue contact score (RRCS). We developed a much finer distance-based 480 method (than coarse-grained Boolean descriptors such as contact map and residues contact 64-66 ), 481 namely residue-residue contact score (RRCS). For a pair of residues, RRCS is calculated by summing 482 up a plateau-linear-plateau form atomic contact score adopted from GPCR-CoINPocket 34, 67-69 for each 483 possible inter-residue heavy atom pairs (Figure 2-figure supplement 1a) . GPCR-CoINPocket is a 484 modified version of the hydrophobic term of ChemScore 64-65 that has been successfully used to 485 describe hydrophobic contribution to binding free energy between ligand and protein. RRCS can 486 describe the strength of residue-residue contact quantitatively in a much more accurate manner than 487 Boolean descriptors 8, 10 . For example, Boolean descriptors do not capture side chain repacking if the 488 backbone atoms of the two residues are close to each other (e.g., translocation of Y 753 away from 489 residue at 243 upon GPCR activation) and local contacts involving adjacent residues (residues within 490 four/six amino acids in protein sequence) (e.g., disengagement between D/E 349 and R 350 ), while both 491 cases can be well reflected by the change of RRCS (Figure 2c and Figure 2-figure supplement 1b) . 492 All RRCS data can be found in Figure 2 we added newly determined Gi-bound active receptors A1AR and 5-HT1B and found they have positive 572 ∆RRCS, like other five receptors (Figure 4-figure supplements 1 and 2) . Thus, these three residue 
